The propagation dynamics of a vector field with inhomogeneous states of polarization (SoP) imposed a vortex is studied using the angular spectrum method. The evolution of SoP in the cross section of the field during propagation is analyzed numerically by the Stokes polarization parameters. The results indicate that SoP in the field cross section rotate along the propagation axis during propagation due to the existence of a vortex. In addition, the interaction between the phase singularity and the polarization singularity leads to the creation or annihilation of the optical field in the central region. In particular, the distributions of the transverse energy flow and both spin and orbital optical angular momentum fluxes in the cross section of the vortex vector optical field depend sensitively on both the vortex and polarization topology charges.
Introduction
Recently, the study of a vector beam has attracted a lot of attention due to its potential applications and fundamental interest . In contrast to the scalar optical field with the spatially homogeneous states of polarization (SoP) such as linear, elliptical, and circular polarization, the vector optical field deals with inhomogeneous SoP in the cross section of the field [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . Since the vector field possesses the local linear polarization (e.g., the radial and azimuthal polarization) and hybrid SoP (the linear, circular, and elliptical SoP located at different positions in the field cross section), there are more novel and interesting phenomena reported . For instance, focusing a radially polarized beam can lead to the smallest possible spot size [2, 3] , the influence of the polarization factor on the formation of optical currents in liquids by means of the spatial polarization modulation has been demonstrated [4] . Various methods for generating vector beams have been proposed [5] [6] [7] [8] . In general, the wavefront reconstruction of the output beam from traditional lasers with a spatial light modulator (SLM) could provide the unique opportunity to flexibly design the arbitrary spatial phase and amplitude modulation patterns to generate the desired optical modes [5] [6] [7] . When the space-variant SoP span the entire surface of the Poincaré sphere, this kind of vector field is also known as a Poincaré beam [10] . The corresponding experimental generation and properties of the standard and higherorder Poincaré beams have been reported and demonstrated [11] [12] [13] . The vector Bessel beams with spatially inhomogeneous SoP have recently been demonstrated [14, 15] . Most of these studies focus on the focusing properties of a vector beam [2, 3] . On the other hand, the nonlinear dynamics of vector beams have attracted increasing interest due to their novel properties and potential applications. Some evidences of the axial-symmetric breaking of vector beams with local linearly polarized and hybrid SoP into distinct collapsing filaments have recently been reported [16, 17] . Light carries angular momentum, comprised of a spin component associated with polarization and an orbital component arising from the spatial profile of the spiral phase [22] [23] [24] .
Considerable interest in studying optical orbital angular momentum (OAM) arises from its potential applications in quantum information processing, atomic manipulation, micromanipulation, and biosciences [25] [26] [27] [28] [29] . Control of the local spin angular momentum (SAM) and OAM flux density in the the field cross section of a laser beam is important in these applications, since the different values of the local SAM and OAM flux densities lead to different rotations in manipulating particles, and the opposite values of the local SAM and OAM flux densities are associated to opposite circular polarization and opposite vortex topological charges. The OAM [18] and the optical forces [19] in the optical field with non-uniform SoP have been demonstrated. Recently, the experimental generation and focusing of a vector vortex beam have been reported [7, 20, 21] . However, detailed descriptions about propagation dynamics of an optical field that combine the spiral phase and hybrid SoP in the cross section of the field, especially the evolution of the optical angular momentum of the vector vortex beams during propagation, are limited.
In this work, the propagation dynamics of a vector vortex field with azimuthally inhomogeneous SoP is studied by using the angular spectrum method [9] , which is a rigorous solution of Maxwell equations. It is found that the SoP distribution in the cross section of the field rotates along the propagation axis during propagation due to the presence of a vortex field. The interaction between the central polarization singularity (i.e., disclination) [30] and the phase singularity (i.e., dislocation) [31] leads to the creation or annihilation of the optical field in the beam center. The creation or annihilation of the optical field depends on the numbers of vortex and polarization topological charges. The distributions of the transverse energy (TE) flow, SAM flux, and OAM flux in the cross section of the vector vortex optical field are sensitively associated to both the vortex and polarization topological charges. The spatial distribution of both the SAM and OAM fluxes of the vector vortex beam in the cross section of the field can be dynamically tailored by the numbers of topological charges of the vortex and/or polarization. In addition, the spatial distribution of the SAM flux is also related to the local SoP distribution in the cross section of the field. This work provides approach to manage the optical angular momentum flux in the cross section of the field and sheds light on how to manipulate micro-particle and optical information processing using laser beams.
Theoretical formulation
We consider the propagation dynamics of a vector vortex field with azimuthally inhomogeneous SoP in the Cartesian coordinate system. In the coordinate system, the z-axis is taken to be the propagation axis. A cylindrical optical vector field is expressed as [5] [6] [7] θ θ θ θ and θ = y x arctan( ) are the polar radius and azimuthal angle in the polar coordinate system, respectively. m is the number of the topological charge, and θ 0 is the initial phase. e x and e y are the unit vectors in the x-and y-direction, respectively. It should be noted here that the intensity distribution as the background in the plots in figure 1 is the Gaussian mode. The polarization singularities existing in the center of the initial field are unobservable; however, they will play an important role on the evolution of the optical field during propagation [31, 32] . Δθ = 0 indicates that the x-and y-components have the same phase. In this case, it is seen from equation (1) , the central field of the optical field in propagation distance z can be obtained from equation (6) as: . It is clearly seen that equation (8) describes the central field of a Gaussian beam in free space, as expected.
Rotation of states of polarization
It is important to examine the evolution of the SoP in the cross section of the optical field during propagation in a free space. The Stokes polarization parameters are given by:
x y y x * * , where the asterisk represents its complex conjugation. Here S0 is the intensity of the optical field, and S1 (S2) describes the horizontally (45 o ) linear polarization component, whereas S3 is a measurement of the left-and right-polarization components. The numerical integration is performed by taking λ = w 10 . The corresponding Stokes polarization parameters for the locally linear polarization and hybrid polarized vector fields at different propagation distances are shown in figure 2 . Note here that the Stokes polarization parameters in figure 2 are normalized to their initial peak intensity. It is interesting to see that the evolution of the corresponding Stokes polarization parameters of the beam depend sensitively on the order of the vortex. Another interesting feature is that the SoP in the center of the optical field for a particular case of = ± n m remain invariant during propagation, and the initial SoP of the optical field center can be linearly, elliptically, or circularly polarized, as recognized from equation (8 figure 2 . In particular, the distribution of the Stokes polarization parameters rotates during propagation due to the existence of the vortex. The iso-surface I = 0.012 plot of the results for the Stokes parameter S1 with the n = 1, m = 1 hybrid vector optical field (as depicted in figure 3 ) further clarifies the characteristic of rotating SoP during propagation.
Evolution of optical angular momentum in the field cross section
Under the paraxial approximation, the TE flow of the cylindrical vector optical field in the z-plane can be written in the following forms: where the first and second terms represent the OAM flux density L z and the SAM flux density S z , respectively. The normalized SAM flux density in the cross section of the field is equal to the normalized Stokes parameter S3, as given by equation (10) . Thus, we can analyze the evolution of the SAM flux density by examining the changes in the Stokes polarization parameter S3, as discussed in figure 2 . The distributions of the TE, OAM, and total angular momentum (including spin and orbital angular momentums) fluxes in the cross section of field at different propagation distances are depicted in figure 4 . It is clearly seen from figure 2 that the SAM flux depends on the SoP, as expected. In addition, the SAM flux rotates along the propagation axis due to the existence of the vortex, as can be seen in the Stokes polarization parameter S3 of figures 2 and 3. The TE flows and the OAM fluxes are the same for the same numbers of vortex and polarization topological charges, as shown in figure 4 . However, the changes in SoP (e.g., the locally linear polarization or hybrid SoP) that result from Δθ (e.g., Δθ = 0 or Δθ π = 2) lead to a change in the spatial distribution of the SAM flux, even if the polarization topological charges m and vortex topological charges n are the same, as recognized from the Stokes polarization parameter S3, shown in figure 2 . Therefore, the distributions of the spatial distribution of the total optical angular momentum flux in the cross section of the field are different if Δθ are different (e.g., local linear polarization and hybrid SoP), as shown in the lower rows in figure 4.
Conclusion
The propagation dynamics of a vector vortex field with azimuthally inhomogeneous SoP is studied using the angular spectrum method. The evolution of the SoP in the cross section of the field during propagation is analyzed numerically using the Stokes polarization parameters. The results indicate that the spatial distribution of SoP in the field cross section rotates along the propagation axis during propagation due to the existence of a vortex field. The interaction between the central phase singularity and the polarization singularity leads to the creation or annihilation of the optical field in the center of optical field, depending on the numbers of vortex and polarization topological charges. The distributions of the TE flow, SAM flux, and OAM flux in the cross section of the vector vortex optical field depend sensitively on both of the numbers of the vortex and polarization topological charges. The spatial distribution of the SAM flux also depends on the SoP distribution in the field cross section. The spatial distribution of SAM and OAM fluxes in the cross section of the vector vortex optical field can be dynamically manipulated by varying the numbers of topological charges of the vortex and/ or polarization and the spatial distribution of the SoP. Our study provides further insight in understanding the propagation dynamics of a vector vortex optical field, which can find potential applications in corresponding fields by manipulating the angular momentum of laser beams.
